ABSTRACT A bionic hydraulic pipeline (BHP) with a three-layer structure is designed innovatively on the basis of an animal's biological mechanism. Its intermediate layer is rubber material and the middle layer is the same as the middle layer of the blood vessels at the outlet of a cheetah's heart and has good viscoelasticity. This is used to absorb the flow pressure pulsation of the hydraulic system. Besides, a dynamic model of a BHP and the effect of absorption pulsation are further studied. It includes a rubber material model and the FSI (fluid-structure interaction) dynamic equation of the relationship between the liquid and rubber material. For rubber materials, the Mooney-Rivlin model is selected to describe the dynamic characteristics. After testing the stress and strain data through experiments, C 10 and C 01 of the rubber material are obtained. After determining the constitutive model of rubber and its parameters, the FSI model of the BHP is established. The natural frequency of the BHP is obtained when we solve the model with Matlab. Furthermore, to evaluate the accuracy of the model, hammer mode experiments are performed. They show that the accuracy of the model's evaluation is within 5%. On this basis, the length and thickness of the rubber layer and the pressure of the flow in the pipeline are changed. The vibration of the pipeline is analyzed and utilized by ANSYS. On the experimental rig, a BHP with different lengths and thicknesses of silicon film was manufactured and installed at the high-pressure outlet of the axial piston pump, and then the vibration of the outer wall of the pipeline was tested. The results show that the BHP has an obvious absorption effect on the flow pulsation of the axial piston pump outlet.
I. INTRODUCTION
High speed and high pressure will improve the weight-topower ratio of a hydraulic system, increase its hydraulic stiffness, and improve its control performance [1] . In aircraft, the carrying capacity will also be improved. In recent years, pressure on the hydraulic systems of large wide-body passenger aircraft has gradually increased from 21 to 56 MPa. However, this increases the vibration of the hydraulic pump high-pressure outlet and hydraulic valve accessories. In terms of the vibration mechanism, there are mainly four reasons for this: 1. High speed and high pressure result in increased
The associate editor coordinating the review of this manuscript and approving it for publication was Lei Wang. pressure energy in the oil; 2. When the mechanical energy is converted to hydraulic energy, the solid-liquid-thermalacoustic multi-field coupling effect is enhanced; 3. High speed and high pressure bring alternating load and high frequency impacts, resulting in more complex vibration of the hydraulic system and more difficulty in vibration control; 4. The hydraulic pump is the main source of vibration of the hydraulic system. The high-speed motion of the hydraulic pump generates complex vibrations and wide-band large-volume flow pulsations in the pump ports, resulting in increased system vibration [2] . Therefore, carrying out vibration control of the hydraulic system is an important task.
In recent years, researchers have done a lot of work on flow pulsation suppression of the hydraulic pump outlet. First of all, there are two kinds of vibration control methods for hydraulic pump ports: active and passive vibration control. Pipe supports, accumulators, and H-filters are common passive vibration control devices. However, they cannot meet the vibration control requirements of a hydraulic system whose parameters vary in a wide threshold range. In order to adapt the parameters with a wide threshold in highend hydraulic equipment, many vibration control elements are designed based on the idea of active vibration control. David [3] designed an active hydraulic filter which uses a voltage control actuator to reduce the pressure pulsation by using the reciprocating motion of the piston, achieving good results. Lavazec et al. [4] designs a nonlinear microstructured absorber, which can effectively reduce low-frequency noise and vibration. Based on smooth hyperbolic tangent function, Zhao et al. [5] establishes effective boundary control to stabilize the unstable system in equilibrium position, and successfully suppresses the effect of input saturation. Ai et al. [6] proposed a novel active control strategy of pressure resonance. The variable motor was used as the control object to control the end impedance in real time, so that the resonant frequency could avoid the excitation frequency, and its feasibility was verified. Huayong et al. [7] designed a spring-resonant pulsation attenuator which can absorb pulsing waves in hydraulic pumps and pipeline systems. Zongxia et al. [8] used piezoelectric ceramics as a controller to reduce the system peak flow by actively controlling the size of the orifice using an adaptive optimization algorithm and achieved a good pulsation attenuation effect. Jiabin et al. [9] proposed active vibration control of a dynamic hysteresis system. Experimental results show that the proposed robust control method can effectively attenuate the vibration. The common features of these vibration control elements are as follows: 1. It is parallelled in the pipeline system. During the vibration control process, a part of the vibration energy cannot enter the vibration controller; 2. They will trigger a wide-frequency secondary pulse wave, which is not conducive to absorption in the pipeline. 3. Its vibration control mechanism is mainly ''overflow'', and the frequency can be adjusted to meet the requirements of wide-frequency vibration control, but a good control algorithm is needed.
Is it possible to design a vibration control element with variable damping and frequency that can be mounted in series in order to better absorb the flow pressure pulsation in the pipeline and achieve vibration control?
When a cheetah hunts for prey, due to its unique physiological structure, the blood vessels of the heart are undamaged under blood flow pulsation with high frequency and high pressure. As shown in Fig. 1a , the cardiac outlet vessels of the cheetah are composed of three layers. The intima is smooth and the resistance is smaller, making blood flow more stable. The media with better structural adaptability can improve the ability of the blood vessel to absorb blood pulsation with high frequency and large amplitude. The adventitia contains collagen fibrils that protect the vessel against breaking under high pressure [10] . This biological structure enables blood vessels to withstand high frequency and a large pulse and is a source of innovation for BHPs.
There are many researches on bionic vascular structure compliance at home and abroad. In a study of the dynamic properties of collagen, Venkatraman et al. [11] found that the viscoelasticity of collagen gives the blood vessels a good radial compliance. Laurent [12] found that arterial wall cushioning and relaxation capacity are closely related with arterial vascular compliance. Williamson et al. [13] found that artificial vessels made of polycaprolactone have better structural compliance. Guan et al. [14] found that the structural compliance of artificial vessels was related to the vascular material, wall structure, and post-treatment methods.
Rubber is a hyperelastic material whose damping can change with changes of the loading load, thereby changing the frequency of vibration control. Bhushan [15] studied the sliding interface of water-lubricated rubber bearings. It was found that the noise was caused by the adhesive-slip movement of the rubber surface. Shi and Wu [16] established a dynamic model of the rubber damper of rail vehicles. The stiffness and damping of the rubber damper both decreased with increases of the excitation amplitude. Pan et al. [17] studied the vibration isolation effect of laminated rubber bearings for subway vibration and found that the greater the thickness of the rubber bearings, the more significant the vibration isolation effect. Tang et al. [18] established a VOLUME 7, 2019 nonlinear dynamic model of a rubber isolator. The model can describe the viscoelastic properties of the rubber isolator in a wide frequency range with fewer parameters.
In this paper, based on the research results of the hydraulic vibration control system, the biological mechanism allowing the blood pressure at the outlet of cheetah to tolerate high-pressure and high-frequency blood pulsation is used and the BHP is proposed. Besides, numerical analysis and simulation of the fluid-structure interaction (FSI) are carried out, providing a new idea for vibration control of hydraulic pump pipelines. This paper is organized as follows. In the first part, the Mooney-Rivlin (M-R) model is used to describe the rubber material of the BHP. In the second part, the parameters of the model are measured experimentally. The third part combines the M-R model and the 14-equation dynamic model of the FSI in the hydraulic pipeline, and the 14-equation dynamic model of the FSI of the BHP is established. In the fourth part, the natural frequency of the BHP is obtained by Matlab, and the mathematical model is verified by the hammer mode experiment. In the fifth part, the length and thickness of the rubber layer and the pressure in the BHP are changed, and its dynamic model is solved in ANSYS Workbench to obtain the vibration response of the pipeline surface. In the sixth part, relevant experimental research on the BHP is carried out. The seventh part gives the conclusion of the research work.
II. INNOVATIVE DESIGN OF BHP STRUCTURE
Using the mechanism by which the left ventricular blood vessels withstand high-frequency and high-pressure blood flow pulsation, a BHP with a three-layer structure is innovatively designed, and its structure is shown in Fig. 1b . Its inner layer is composed of nanomaterials and coating matrix and its inner surface is smooth, which can make oil flow more smoothly in the pipeline. The middle layer is mainly rubber, which has good structural compliance, so it can absorb pressure pulsation from the hydraulic pump. The outer layer is a high-strength protective layer made of stainless steel material.
The BHP is installed in series in the pipeline of the hydraulic pump outlet or hydraulic valve, hydraulic cylinder, and other components. The BHP can directly absorb the flow pressure pulsations generated when these components operate. Compared with the installation of an accumulator or H-filter for absorbing pulsation, the transmission of vibration energy to the parallel oil circuit is avoided. Compared with the installation of pipe support for vibration control, it absorbs the flow pressure before it is converted into vibration.
Research on the BHP needs to be carried out step by step. Firstly, a double BHP with medium silicon material and stainless steel material is designed.
III. MATHEMATICAL MODEL OF RUBBER MATERIAL
Assuming that the rubber is isotropic and incompressible, its constitutive relation is established by phenomenological theory based on the stress-strain relationship. The constitutive relation can be expressed as the strain energy density function (W):
In the formula,
(2)
(3)
where I 1 , I 2 , and I 3 are the first, second, and third fundamental invariants of Green deformation tensors, λ i is the main elongation at each side, and ε i is the principal strain corresponding to λ i .
A. MOONEY-RIVLIN MODEL (M-R MODEL)
According to Mooney, the strain energy density function stored in a unit volume of rubber is a function that contains the first basic invariant I 1 and the second basic invariant I 2 , and then formula (1) is expressed as [19] :
where W M−R is the unit volumetric strain energy function, and C 10 and C 01 are temperature-dependent material parameters. For rubber materials, the elastic modulus E and the shear modulus G are, respectively, in the smaller strain range:
The Poisson's ratio µ = 0.5 can be obtained from the incompressibility of rubber. So E = 3G,
The M-R model is suitable for describing rubber materials with medium and small deformation.
B. YEOH MODEL (Y MODEL)
Based on the strain energy density function of viscoelastic materials, Yeoh has proposed the Y model [20] through extensive experiments. The strain energy density function of the Y model can be expressed as:
In the formula, C i (i = 1, 2, 3) is a material parameter related to temperature.
The difference between the Y model and the M-R model is that the former contains the third higher order term of I 1 and the latter contains the first term of I 1 . Therefore, when the rubber material undergoes medium and small deformation, the M-R model has higher calculation accuracy.
The deformation of the rubber layer of the BHP is small, so the M-R model is used to describe the constitutive model of rubber material. 
C. RELATIONSHIP BETWEEN THE TWO PARAMETERS OF STRESS-STRAIN OF RUBBER MATERIAL AND THE M-R MODEL
For a unit volume of rubber material, the relationship between the Kirchhoff stress tensor δ i and the Green strain tensor λ i is:
Assuming that the uniaxial tensile stress per unit volume of rubber material is δ and the other two directions are freely constrained, the relation between the stress in the tensile direction and its main elongation ratio λ i is given by formula (11):
Substituting the M-R model into formula (12), we get:
, formula (13) can be abbreviated to y = C 10 x + C 01 .
It was observed that through experimentally measuring the relationship between the elastic tensile deformation and the acting force of the rubber material, we can get the stress-strain curve and perform data fitting, and then the M-R model parameters C 10 and C 01 can be obtained.
IV. EXPERIMENTAL DETERMINATION OF RUBBER MATERIAL PARAMETERS
In order to study the mechanism of the BHP, besides the above M-R model parameters C 10 and C 01 , its elastic modulus E and volume modulus K are also required. Figures 2a and 2b shows the experimental rig. This paper uses bicomponent additive rubber as the rubber layer of the BHP, and tensile and volumetric compression tests of the rubber material are completed in the State Key Laboratory of Metastable Materials Preparation Technology and Science. Figure 2c shows the stress-strain curve obtained from tensile experiments on rubber.
It can be observed that the stress-strain relationship of rubber materials is nonlinear under tensile force, and when the stress reaches 3.5 MPa, the specimen breaks.
Employing the formula (13), the cftool function of Matlab is used to fit the stress-strain curve measured by the experiment to get Figure 2d ; the slope of the curve is C 10 = 0.49 MPa, and the intercept is C 01 = 0.7471 MPa. The elastic modulus E = 7.4226 MPa of rubber is obtained from formula (9) . Figure 2e shows the stress-strain curve obtained from the volume compression test of rubber material.
The slope of this curve is the bulk modulus K of the rubber material. When the stress is greater than 2 MPa, the bulk modulus K = 734.2 MPa.
V. THE FSI DYNAMIC MODEL
FSI is characterized by friction coupling, Poisson coupling, junction coupling, and Bourdon coupling [21] , [22] . A single straight pipeline is studied as the research object in this paper, so the friction coupling, junction coupling, and Bourdon coupling can be neglected, and the Poisson coupling problem is mainly discussed. The force schematic diagram of BHP is established according to the right-hand rule shown in Figure 3 .
In order to establish the dynamic model, we assume that the pipeline is installed parallel to the horizontal plane and consider the influence of deformation of rubber material, the gravity inertia, and the fluid viscous friction [23] , [24] . The dynamic model of the BHP is as follows:
(1) Axial dynamic model
∂V ∂z +(
(2) Transverse y-z dynamics mode
(4) Torsion dynamics model
where A is the cross-sectional area, E is the elastic modulus, e is the outer wall thickness, F is the force, G is the shear modulus, I is the moment of inertia, J is the polar moment of inertia, K is the bulk modulus, M is the torque, P is pressure, R is the angle of rotation, r is the radius of the cross-section, U is the velocity of the outer tube, V is the velocity of fluid, ρ is density, µ is the Poisson ratio, z is the axial direction, t is time, τ is the friction coefficient of rubber material, the superscripts x, y, and z denote the coordinate axis directions, the subscript f denotes fluid, p is the outer tube, and r is the middle tube.
VI. FREQUENCY-DOMAIN CHARACTERISTIC ANALYSIS AND EXPERIMENTAL VERIFICATION OF FSI DYNAMIC MODEL
In order to verify the accuracy of the FSI dynamic model and the precision of the rubber material parameters, the frequency-domain method was used to solve the FSI dynamic model of the BHP, and then the experiment was conducted using the hammering test.
A. ANALYSIS OF FREQUENCY-DOMAIN CHARACTERISTICS OF FSI DYNAMIC MODEL
The FSI dynamic model can be written as the following general formula:
where A, B, and C are 14-order square matrices, A is the constant term for each parameter of the equation for time differentiation, B is the constant term for each parameter of the equation for spatial differentiation, C is the constant term of the kinetic parameter in the equation, a(z,t) is the external excitation of the pipeline, and (z,t) is the parameter vector in the equation, which is in the form of:
The relationship between the state variable of any position (z) of the BHP and the initial position state variable is written as the Laplace transform of formula (28):
where M(z,s) is the ''domain transfer matrix'' of the BHP. Using the transfer matrix, the variables inside the pipeline can be expressed mutually. The boundary expression method proposed by Nanayakkara et al. [25] is used in this paper. The length of the BHP is set to L, and then there are boundary equations at both ends of the pipe (z = 0 and z = L):
In the formula, D 0 (s) and D L (s) are the boundary matrixes and Q 0 (s) and Q L (s) are the excitation matrixes.
According to formula (29), the transfer relationship of the state variables at both ends of the BHP is: By the formula (32), the combination of (30), (31) is:
where
B. FREQUENCY DOMAIN SIMULATION SOLUTION
The BHP geometry and material parameters are shown in Tables 1 and 2 . Then the frequency response curve at z = L is simulated, as shown in Figs. 4a and 4b. 
C. EXPERIMENTAL VERIFICATION
The BHP filled with oil was hung on the test bench with a small stringer and plugged at both ends. The mass of each plug was 0.5 kg. The left end (inlet end) of the pipeline was struck with a calibrated force hammer, and the frequency response curve of the pipeline was measured as shown in Fig. 4c .
The results of the experiment are shown in Table 3 . It can be observed that the error of the two variables is less than 5%, and the FSI dynamic model and the rubber material parameters C 10 and C 01 are accurate.
VII. NUMERICAL ANALYSIS OF VIBRATION CONTROL OF THE BHP
The bidirectional FSI simulation analysis of the BHP and steel pipe was carried out in ANSYS Workbench. Setting the boundary conditions at the entrance of the pipeline fluid zone is the common axial piston pump flow rate pulsation curve as shown in Fig. 5 .
A. EFFECT OF PRESSURE ON VIBRATION SUPPRESSION OF BHP
The oil hole diameter of the BHP is set as 0.01 m, the length is 0.1 m, the thickness of the rubber layer is 0.005 m, and the outer wall thickness is 0.003 m. The pressure is set as 2, 6, 10, and 14 MPa, and the time domain response curve of radial displacement and radial acceleration, which is about BHP and the outer wall of the steel pipe axial midpoint (P) are obtained, as shown in Figs. 6a and 6b . On comparing the steel pipe with the BHP, the vibration suppression effect of the BHP is very obvious. The radial acceleration data at point P of pipelines under different pressures are extracted and their standard deviations σ steel and σ bionic are calculated. The definition of the acceleration amplitude reduction is expressed as:
The reduction of the acceleration amplitude reflects the absorption effect of BHP under different pressures, as shown in Fig. 6c .
It can be seen that the pressure does not reduce the ability of the BHP to absorb vibration.
B. INFLUENCE OF THICKNESS OF RUBBER LAYER ON VIBRATION SUPPRESSION OF THE BHP
The oil hole diameter of the BHP is set as 0.01 m, the length is 0.1 m, the thicknesses of the rubber layer are 0.005, 0.01, and 0.015 m, and the outer wall thickness is 0.003 m. When the pressure is 2 MPa, the time domain response curves of radial displacement and radial acceleration at point P are obtained, as shown in Figs. 7a and 7b . The vibration of the pipe wall of the BHP decreases with the increase of the thickness of the rubber layer.
The acceleration amplitude reduction η of the BHP is calculated with different thicknesses of the rubber layer, as shown in Fig. 7c .
With the increase of the thickness of the rubber layer, the acceleration amplitude reduction becomes larger, and the vibration absorption ability of the BHP is enhanced.
C. EFFECT OF RUBBER LENGTH ON VIBRATION SUPPRESSION OF THE BHP
The oil hole diameter of the BHP is set as 0.01 m, the lengths are 0.1, 0.25, and 0.5 m, the thickness of the rubber layer is 0.005 m, and the outer wall thickness is 0.003 m. When the pressure is 2 MPa, the time domain response curves of radial displacement and radial acceleration at point P are obtained, as shown in Figs. 8a and 8b .
The vibration of the pipe wall of the BHP decreases with the increase of the length of the rubber layer.
The acceleration amplitude reduction η of the BHP is calculated with different lengths of the rubber layer, as shown in Fig. 8c .
With the increase of the length of the rubber layer, the acceleration amplitude reduction becomes larger, and the vibration absorption ability of the BHP is enhanced.
VIII. VIBRATION ABSORPTION EXPERIMENT OF THE BHP A. FABRICATION OF THE BHP
This paper uses bicomponent additive liquid rubber as the rubber layer of the BHP. This kind of rubber consists of two liquid components. When making, the liquid should be reconciled in a weight ratio of 1:1, placed in a vacuum chamber, and then allowed to cure at room temperature for 24 hours to form a BHP, as shown in Fig. 9a .
For the experiments prepared with different specifications of the BHP and steel pipe, the specific parameters are shown in Table IV , including Nos. 1-9 for the BHP and No. 10 for the steel pipe. The main pump adopts Rexroth constant pressure variable axial plunger pump (A4VSO40DR10RPPB13N00N), the system parameters are: displacement: 40 mL/r, working pressure: 35 MPa.
B. INFLUENCE OF PRESSURE
Pipe Nos. 1 and 10 were installed at the positions shown in Fig. 9b to study the influence of pressure on the vibration absorption effect of the BHP. The P-point radial acceleration of pipeline Nos. 1 and 10 are measured under different pressures, as shown in Fig. 10a .
Compared with radial acceleration of the steel pipe and the BHP, the latter has an obvious absorption effect on pipeline vibration. The acceleration amplitude reduction η of the BHP under different pressures is calculated, and the results are compared with the simulation results, as shown in Fig. 10b . With the increase of pressure, the effect of the BHP on pipe system vibration absorption is almost invariable, which is the same as the result of the simulation.
C. INFLUENCE OF THICKNESS OF RUBBER LAYER
The pressure was set to 2 MPa. Pipe Nos. 1-5 and 10 were installed at the positions shown in Fig. 9b , respectively, to study the influence of the thickness of the rubber layer on the vibration absorption effect of the BHP. The radial acceleration at point P in each experimental line is shown in Fig. 11a .
The vibration of the pipeline decreases significantly with the increase of the thickness of the rubber layer.
The acceleration amplitude reduction η of the BHP with different thicknesses is calculated, and the results are compared with the simulation results, as shown in Fig. 11b .
As the thickness increases, the effect of the BHP on vibration absorption increases, which is the same as the result of the simulation.
D. INFLUENCE OF RUBBER LENGTH
The pressure was set to 2 MPa. Pipeline Nos. 1, 6-9, and 10 in the table were installed in the position shown in Fig. 9b to study the influence of the rubber layer lengths on the vibration absorption effect of the BHP. The radial acceleration at point P in each experimental line is shown in Fig. 12a . As the length increases, the vibration of the pipelines decreases. The acceleration amplitude reduction η of the BHP with different lengths is calculated, and the results are compared with the simulation results, as shown in Fig. 12b . As the length increases, the vibration absorption effect of the BHP on the pipeline system increases, which is the same as the simulation result. However, compared with the simulation results, the BHP measured in the experiment has a poor effect on vibration absorption.
IX. CONCLUSION
On the basis of the research results of the vibration control of the hydraulic pipeline and the research in cardiovascular biology, a new type of pulsation absorption device, the BHP, is designed. Simulation and experimental analyses of the BHP are carried out and the results are compared with the results of simulation and experimental analyses of steel pipes. The following conclusions are obtained.
(1) The BHP can directly absorb the flow pressure pulsations generated when these components operate. Compared with the installation of pipe support for vibration control, it absorbs the flow pressure before it is converted into vibration.
(2) The dynamic model of the BHP is deduced and solved by the Laplace transformation in the frequency domain. The frequency response curve of the BHP is obtained, and the correctness of the dynamic model and the accuracy of the rubber parameters are verified by the hammer experiment.
(3) The BHP has an obvious absorption effect on the vibration of the pipeline system. The effect increases with increasing thickness of the rubber layer of the BHP, increases with increasing length of the BHP, and is not affected by the pressure.
(4) This paper provides new technical support for breaking through the mechanism of vibration absorption and obtaining better vibration control effects.
X. EXPECTATION
There are still shortcomings in the research. In this paper, a double BHP with medium silicon material and stainless steel material is designed. In future, better and deeper research on the test of the BHP should be carried out. The next phase of the studies will be on the BHP with three-layer structure which is added nanomaterials and coating matrix on its inner surface on the basis of the current double BHP. In addition, continuous experiments will be conducted on BHP with different middle layer to observe the effect of absorbing flow pulsation. And we tried to use silica gel instead of rubber for the next step of the experiment, thus forming a more complete knowledge system. His main research fields are mechanism design and control technology of high-end rehabilitation medical robot, vibration mechanism and control technology of aerospace hydraulic components and systems, and design and development of high-performance electrohydraulic servo control systems. He received several awards, including the Hebei Science and Technology Award and the China Industry-UniversityResearch Cooperation Innovation Achievement Award.
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